ABSTRACT Maternal effects have the potential to affect population dynamics and evolution. To affect population dynamics, maternal effects must inßuence offspring vital rates (birth, death, or movement). Here, we explore the magnitude of nongenetic maternal inßuence on the vital rates of an insect herbivore and explore predictability of maternal effects with reference to published studies. We experimentally studied the effects of maternal age, host plant species (two Asclepias spp.), and density on offspring vital rates in Aphis nerii, the oleander aphid. Older mothers produced offspring that lived shorter lives, consistent with the "Lansing Effect." Older mothers also produced offspring that matured at a younger age. As maternal age increased, offspring mass at maturity decreased when mothers were on Asclepias syriaca. However, offspring mass was highest from intermediate aged mothers on A. viridis. The absence of maternal density effects seems to exclude maternal density as a potential source of delayed density dependence in A. nerii. Our results indicate that maternal effects have some inßuence on A. nerii vital rates. However, references to published studies suggest that only the Lansing Effect is a predictable response to maternal age in insects. Moreover, the magnitude of observed effects was generally low.
ence of a motherÕs phenotype or environment on offspring phenotype (Mousseau and Fox 1998 , Beckerman et al. 2002 . Cues in the maternal environment can affect offspring size (Wainhouse et al. 2001 , Fischer et al. 2003 , Plaistow et al. 2004 , survival (Hockham et al. 2001 , Wainhouse et al. 2001 , development rate (Rossiter 1991b , Fox et al. 1995 , Benton et al. 2005 , fecundity (Rossiter 1991a , Hockham et al. 2001 , Benton et al. 2005 , movement (Islam et al. 1994 , Diss et al. 1996 , and defenses (Agrawal 1999) . Maternal effects also have the potential to inßuence population dynamics (Rossiter 1991b , Ginzburg and Taneyhill 1994 , Benton et al. 2001 , 2005 , Beckerman et al. 2002 , Hunter 2002 , Fowler 2005 , Kendall et al. 2005 . By connecting the maternal environment or phenotype to the offspring phenotype, maternal effects introduce time lags that may cause delays in density-dependent responses of populations (Rossiter 1994) , which can lead to population cycles (Berryman 1999) . Models show that maternal effects generally cause increased population ßuctuations (Benton et al. 2001) .
Many experiments studying maternal effects use young mothers or mothers of unknown age. However, maternal age is a component of maternal phenotype and can inßuence offspring quality (Mousseau and Dingle 1991) . Maternal age inßuences offspring survival (Lansing 1947 , Hercus and Hoffmann 2000 , Priest et al. 2002 , Opit and Throne 2007 , development time (Dixon et al. 1993 , Mohaghegh et al. 1998 , and mass at birth and maturity (Dixon et al. 1993) . However, other studies have found no effect of maternal age on offspring quality (Moore and Harris 2003) .
A possible explanation for the lack of maternal age effects in some studies is that maternal age may interact with other aspects of the maternal environment. If this is the case, maternal age effects may be expressed in some environments and not in others. For insect herbivores, plant quality is an important component of the environment that could potentially interact with maternal age. Plant quality is a broad term that encompasses any physical, chemical, or biological plant trait (e.g., size and structure, nutritional value, secondary compounds, phenology) that inßuences herbivore preference or performance. Host plant quality can inßuence the population dynamics of insect herbivores. Variation in host plant quality inßu-ences insect herbivore survival (Haggstrom and Larsson 1995 , Lill and Marquis 2001 , Ladner and Altizer 2005 , development time (Haggstrom and Larsson 1995 , Tsai and Wang 2001 , Wheeler 2001 , Ladner and Altizer 2005 , fecundity (Rossiter 1988, Tsai and Wang 2001) , and the strength of density dependence (Agrawal 2004) .
Aphids are ideal organisms with which to study maternal effects. Aphids have telescoping generations, which means that, within a single aphid, there are embryos within embryos. This large generational overlap, granddaughters being present within their grandmothers, could lead to strong maternal effects (Dixon 1998) . Additionally, aphids reproduce parthenogenetically for much of their life cycle, and some species never exhibit sexual reproduction (Dixon 1998) . Mothers are genetically identical to their offspring, making it easier to focus on effects of the maternal environment while controlling for genetic effects. Maternal effects are known to be important in aphids, especially in the production of different morphs. Typically, cues in the maternal environment such as crowding (Hall and Ehler 1980) , low temperatures (Nunes and Hardie 1999) , reductions in plant quality (Wiktelius 1992) , changing photoperiods (Hardie and Lees 1983) , or the presence of natural enemies (Dixon and Agarwala 1999) lead to the production of alates (winged aphids). Similar cues lead to the production of sexual or diapausing morphs in certain species (Lees 1963) .
Previous work in this system has shown that both aphid density and host plant species inßuence aphid vital rates (birth, death, and immigration). Additionally, the effects of density on aphid survival and fecundity differed between the Þrst and second half of an aphidÕs lifetime. In the Þrst half, aphids experiencing low density conditions had higher survival and fecundity than those experiencing high density conditions; these patterns reversed in the second half of the aphidÕs life. Moreover, the strength of this age effect varied among host plant species (Zehnder and Hunter 2007) . Currently, we do not know the mechanism behind these patterns. However, these patterns led us to ask whether maternal age, host plant, and density might interact to inßuence offspring vital rates. From those patterns, we hypothesized that as maternal age increased, offspring survival and fecundity would decrease, but only when the mothers were at low density. At high maternal density, we predicted that older mothers would produce offspring of equal quality to young mothers. Finally, we hypothesized that host plant species would inßuence the expression of the maternal age effects.
Materials and Methods
Study System. Aphis nerii Boyer de Fonscolombe (Hemiptera: Aphididae), the oleander aphid, is an aposematic phloem feeding specialist of milkweed (Asclepias spp) and oleander [Nerium oleander L. (Apocynaceae)] that reproduces parthenogenetically. In August 2003, one A. nerii individual was collected near Gainesville, FL. Our aphid colony (clone) was initiated from this one individual. Colony density, host plant species, and abiotic (environmental) conditions were held constant, so grandmaternal (and great-grandmaternal) environmental conditions were controlled.
In the laboratory, aphids were kept on Asclepias syriaca at low densities. The genus Asclepias is composed of predominately herbaceous perennials that contain a class of compounds known as cardenolides or cardiac glycosides. There is a large degree of variation in cardenolide concentration among Asclepias species both qualitatively and quantitatively (Malcolm et al. 1989 , Agrawal 2004 . Asclepias seeds were obtained from a seed distributor (Butterßy Encounters), grown in Farfard 3B soil with Osmocote timerelease fertilizer (14 Ð14-14, N:P:K) and watered as needed.
Experimental Design. All research was conducted in a temperature-and light-controlled walk-in growth chamber. The aphid colony is also kept in this growth chamber. Metal halide grow lights on timers (16 h day: 8 h night) provided heat and light; daytime and nighttime temperatures were 34.0 Ϯ 2.4 and 24.0 Ϯ 0.5ЊC, respectively, well within the range of summer temperatures experienced in Florida, the source of our aphid clone. Figure 1 summarizes our experimental methods.
All experimental variation was in the maternal generation, whereas all measurements were taken in the offspring generation. We chose two Asclepias species, A. syriaca and A. viridis, which differ in their cardenolide levels and foliar nitrogen concentrations. A. viridis typically has higher cardenolide levels and A. syriaca has slightly higher foliar nitrogen concentrations (Malcolm 1991 , Agrawal 2004 . At the start of the experiment, May 2005, all seedlings were 4 wk old, approximately the same size (12Ð15 cm in height), and composed of a single stem bearing 6 Ð10 leaves. To initiate the maternal generation, three adult apterous aphids were placed on each plant and left to reproduce overnight. The next morning, the adults were removed, and the remaining Þrst instar aphids were thinned out to the appropriate densities. Maternal densities were set at 1, 25, and 50 aphids per seedling. These densities represent natural aphid densities (Hall and Ehler 1980) ; 50 aphids per seedling is Ϸ250 Ð 500 aphids per gram dry weight of plant tissue, which is at the high end of natural aphid densities (Helms et al. 2004 ). There were seven replicates of each maternal density by host plant combination (3 maternal densities ϫ 2 maternal host plant species ϫ 7 replicates ϭ 42 plants in the maternal generation). All maternal plants were individually placed in cages constructed from 710-ml Ziploc containers and organza netting over wire frames. On days 6, 10, and 14 (of the maternal generation ϭ maternal age), four offspring were removed from each maternal plant. We were unable to mark individual aphids in the maternal generation; therefore, at densities greater than one, we could not guarantee that offspring were sampled from the same maternal individual each time. However, all maternal aphids were genetically identical and experienced identical conditions. Each offspring was placed individually on a 2-wk-old A. syriaca seedling. All other offspring were removed from the maternal plants on a daily basis to keep the maternal generation densities constant. Moreover, removal of offspring is August 2007 ZEHNDER ET AL.: MATERNAL AGE AND OFFSPRING PERFORMANCEneeded to separate the effects of maternal density from potential effects of sibling density on offspring vital rates. Maintaining controlled maternal densities ensures that any density-dependent induction of cardenolides (Malcolm and Zalucki 1996, Martel and Malcolm 2004 ) is restricted to the parental generation and absent in the offspring generation. There is a large difference in size between adult and Þrst-instar aphids; therefore, telling the two apart was not difÞ-cult, and it was easy to remove all of the offspring on a daily basis from each seedling. There were 504 aphids (plants) in the offspring generation (3 maternal densities ϫ 2 maternal host plant species ϫ 3 maternal ages ϫ 7 replicates ϫ 4 offspring). Daily observations were made of survival and fecundity in the offspring generation. When the aphids reached maturity (meaning the day that they started reproducing), age and mass were recorded. Using a paintbrush, each aphid was removed and individually weighed on a Mettler Toledo balance (Mettler Toledo, Greifensee, Switzerland). The aphid was carefully placed back on its plant. The offspringÕs offspring were removed and counted daily to keep densities constant. These observations continued until all aphids died (Ϸ15 d).
Data Analysis. Data were analyzed using SAS 8.2 for Windows, and the residuals of the analysis of variance (ANOVA) models were tested for normality (Kery and HatÞeld 2003) . Offspring lifespan, fecundity, age at maturity, and mass at maturity were subjected to repeated measures analysis using a mixed model test in SAS. SpeciÞcally, we used PROC MIXED with a type 1 autoregressive model (Littell et al. 1998 ). This allows for the incorporation of both Þxed and random effects within the model. Additionally, this procedure allows for unrestrictive assumptions about the structure of the variance-covariance matrices. In our model, maternal age, density, host plant, and all possible interactions were the Þxed effects and offspring nested within maternal ID was the random effect. TukeyÕs honest signiÞcant difference tests were conducted to compare among treatment means (Littell et al. 2002) .
Results
Offspring from older mothers lived shorter lives than did offspring from younger mothers ( Fig. 2: age F 2,58 ϭ 3.09, P ϭ 0.053), with a 9.3% decrease in offspring lifespan between the youngest and oldest mothers. Neither maternal density nor host plant species (or their interaction) affected offspring lifespan (Table 1: density F 2,35 ϭ 0.51, P ϭ 0.602; Table 2 : host F 1,58 ϭ 0.01, P ϭ 0.937).
Offspring from the oldest mothers matured more quickly than did offspring from mothers of interme- Fig. 1 . Experimental design used to study the effects of maternal age, density, and host plant species on A. nerii vital rates. Fig. 2 . Effects of maternal age on offspring lifespan in A. nerii. Values are means Ϯ SE (n ϭ 168). Different letters above bars indicate signiÞcant differences among treatment means. There was no signiÞcant effect of maternal density or host plant on offspring lifespan; therefore, we grouped these data and present averages for the three maternal ages. diate age (Fig. 3: age F 2,57 ϭ 4.04, P ϭ 0.023) by Ϸ4.8 h. Neither maternal density nor maternal host plant species affected offspring age at maturity (Table 1: density F 2,35 ϭ 2.80 P ϭ 0.075; Table 2 host F 1,57 ϭ 0.64, P ϭ 0.427). There were no signiÞcant interactions among any of the treatments.
When mothers were on A. syriaca, offspring mass at maturity decreased as maternal age increased. When mothers were on A. viridis, offspring mass at maturity was highest from the intermediate aged mothers (Fig.  4 : host ϫ age F 2,57 ϭ 5.21, P ϭ 0.008), and there was no difference between offspring mass at maturity from the oldest and youngest mothers. Maternal density had no effect on offspring mass at maturity (Table 1: density F 2,36 ϭ 1.27, P ϭ 0.292).
Offspring fecundity was unaffected by any of the maternal effects examined here (Table 1: density F 2,35 ϭ 0.56, P ϭ 0.577; Table 2 : host F 1,58 ϭ 1.34, P ϭ 0.254; age F 2,58 ϭ 1.37, P ϭ 0.263; data not shown for the effects of maternal age on offspring fecundity).
Discussion
We studied whether variation in maternal age, density, and host plant species affected offspring lifespan, fecundity, age at maturity, and mass at maturity in A. nerii. Of the three factors studied, maternal age had the largest inßuence on offspring vital rates, affecting offspring lifespan, age at maturity, and mass at maturity. Maternal host plant species was important as well. Maternal density did not inßuence any of the parameters measured in the offspring generation.
The pattern of offspring lifespan decreasing as maternal age increases (Fig. 2) has been documented in many taxa including rotifers (Lansing 1947) , stink bugs (Kiritani and Kimura 1967) , fruit ßies (Kern et al. 2001 , Priest et al. 2002 , ßour beetles (Raychaudhuri and Butz 1965) , mealworms (Ludwig and Fiore 1960) , and weevils (Wasserman and Asami 1985, Opit and Throne 2007) , and is referred to as the Lansing effect (Lansing 1947) .
Overall, as mothers aged, they produced offspring that reached maturity faster, lived shorter lives, and (on A. syriaca, Fig. 4 ) matured at a smaller size. Field populations of A. nerii obviously include the offspring of both young and old mothersÑwhether they contribute differentially to future population growth is unclear and difÞcult to assess. However, A. nerii can exhibit unrestricted (exponential) population growth throughout the growing season until plants senesce in the fall (Helms et al. 2004 ). Even small differences in generation time may result in signiÞcant differences in future population size during 3 mo of multivoltine exponential growth (Speight et al. 1999) . Additionally, it is unknown how long aphids survive under natural conditions, and it is possible that they do not normally survive for Ͼ1 wk (the youngest maternal age studied here). We showed that the youngest aphids produce the largest offspring with the potential for the longest average lifespan. Therefore, this is another possible mechanism leading to the high rates of increase exhibited by aphids Dixon 1989, Dixon et al. 1993) . Fig. 3 . Effects of maternal age on offspring age at maturity in A. nerii. Values are means Ϯ SE (n ϭ 168). Different letters above bars indicate signiÞcant differences among treatment means. There was no signiÞcant effect of maternal density or host plant on offspring age at maturity; therefore, we grouped these data and present averages for the three maternal ages. Fig. 4 . Effects of maternal age and maternal host plant species (A. syriaca, light bars; A. viridis, dark bars) on offspring mass at maturity in A. nerii. Values are means Ϯ SE (n ϭ 84). Different letters above bars indicate signiÞcant differences among treatment means. There was no signiÞcant effect of maternal density on offspring mass at maturity; therefore, these data were pooled. All values are means Ϯ SE (n ϭ 252). There were no signiÞcant maternal host plant effects on offspring lifespan, age at maturity, or fecundity. (Agrawal 2004) . It is possible that the different cardenolide concentrations affected the aphids differently over time or that cardenolide induction differed between the two plant species. In studies comparing A. curassavica and A. incarnata, A. curassavica exhibited density-dependent cardenolide induction caused by aphid feeding, whereas there was no measurable induction in A. incarnata (Martel and Malcolm 2004) . At this time, we do not know what speciÞc characteristics of the two plant species led to the different patterns of maternal age effects.
In our experiment, maternal density had no effect on offspring lifespan, fecundity, age at maturity, or mass at maturity. The lack of maternal density effects on offspring lifespan, fecundity, and mass at maturity is consistent with past research studying maternal effects in A. nerii (Zehnder and Hunter 2007) . Models studying the impact of maternal effects on long-term population dynamics often assume that there will be a density-dependent maternal effect, and it is this delayed density dependence that leads to population cycles (Ginzburg and Taneyhill 1994 , Ginzburg 1998 , Benton et al. 2001 , 2005 . The lack of a maternal density effect in our system means that it is unlikely that maternal effects could cause population cycles in A. nerii, and natural populations of A. nerii do not normally exhibit cyclic behavior (Helms et al. 2004 ). However, maternal density effects have been found in other systems, and these systems often exhibit cyclic behavior (Benton et al. 2005) .
In some aphids, maternal effects are known to inßuence the production of winged or sexual morphs Within the offspring response category, any measures of survival, hatching viability, egg-adult viability, etc., are listed as longevity. Any measures of development time or rate are listed as age at maturity. The direction and magnitude of the offspring response was calculated directly from results and tables whenever possible. However, in some cases it was necessary to refer to Þgures, which may lead to some slight inaccuracies in the calculations. Some of the studies listed examined other factors in addition to maternal age effects. However, in the interest of clarity, this table does not describe any of that additional detail. This table does not include maternal age effects on insect diapause or sex ratio (but see Mousseau and Dingle 1991 for a review). (Dixon 1998) . Past work in this system has shown that high maternal density coupled with high offspring density leads to the production of alates (winged aphids) in the offspring generation (Zehnder and Hunter 2007) . In this experiment, no alates were produced, and this is most likely because of the lowdensity conditions that the offspring experienced (one aphid per seedling).
In this experiment, one possible explanation for the lack of strong maternal effects is that offspring experienced ideal conditions. The strength of maternal effects can vary depending on the offspring environment (Rossiter 1998) . Therefore, maternal effects might be stronger in this system if the offspring generation experienced harsh conditions. This experiment examined a single clone of one aphid species. Therefore, the question remains: can we make generalizations based on these results? Additionally, how predictable are the magnitude and direction of maternal age effects on offspring vital rates in insects? Predictability is key to any effort to forecast effects on insect population dynamics. Here, we focus on maternal age, the strongest maternal inßuence on offspring traits in our study. Table 3 lists experiments on maternal age conducted on a variety of insect taxa. References included in Table 3 were attained by conducting a Web of Science search for "maternal age" and using those sources to Þnd additional studies. Maternal age effects on longevity, the Lansing Effect (Lansing 1947) , are the most common and consistent. In our experiment, there was a 9.3% decrease in offspring longevity as mothers aged (Fig.  2) . In other experiments, maternal age effects range from no effect to a 53% decrease in offspring longevity. Three studies documented an increase in offspring age at maturity with maternal age, Þve studies, including this one, documented a decrease, and three studies found no effect on offspring age at maturity. Maternal age effects on offspring mass at maturity also seem variable. Only three other studies have examined the effect of maternal age on offspring mass at maturity, and all found increases with maternal age; in contrast, we found varying results (Fig. 4) depending on host plant. Only six studies have examined maternal age effects on offspring fecundity. Three of these, including this one, found no effect on fecundity, whereas three studies documented a decrease. Our examination of the literature on maternal age effects on offspring vital rates suggests that only the Lansing Effect is predictable. By affecting offspring survival, maternal age effects can potentially inßuence population dynamics in a variety of insect taxa (Beckerman et al. 2002, Opit and Throne 2007) . However, the strength of these maternal age effects is highly variable and likely to change depending on the offspringÕs environment or other aspects of the maternal environment (Rossiter 1998 , Beckerman et al. 2003 , 2006 . The majority of studies described above are laboratory-based. Although a few Þeld experiments of maternal effects in insects have been attempted, most are ßawed because they use space-for-time substitution (Hunter 2002) , an inappropriate design for trans-generational experiments on environmental factors. As a result, it is not clear at present how our results, or those of the studies in Table 3 , relate to dynamics in the Þeld. Nonetheless, there is a long and distinguished history of using laboratory experiments to study population dynamics (Birch 1953 , Huffaker 1958 , Ayala 1969 . In fact, much of current population theory is based on such experiments (Speight et al. 1999 ). To our knowledge, only one population level experiment has adequately tied resources in the maternal environment to population dynamics in subsequent generations (Benton et al. 2005) . At this time, evidence from laboratory studies provides the best empirical support for the view that maternal effects inßuence offspring vital rates and subsequent population dynamics. Here, we showed that such effects are generally weak in A. nerii and often variable in magnitude and direction in other insect species.
